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Phototrophic and apochlorotic components of 
picoplankton and nanoplankton in the North 
Atlantic: geographic, vertical, seasonal and diel 
distributions 
Paul G. Davisl*, David A. Caron3, Paul W. Johnson2 and John McN. Sieburth2" 
' Department of Zoology and Graduate School of Oceanography, University of Rhode Island, Kingston. Rhode Island, USA 
Lamont-Doherty Geological Observatory, Palisades, New York, USA 
ABSTRACT: Chloroplast-containing and apochlorotic cells of nanoplankton (2 to 20 pm), and chroococ- 
coid cyanobacteria and total bacteria in the picoplankton (0.2 to 2.0 pn) were enumerated by 
epifluorescence microscopy from 39 estuarine and oceanic stations to assess numerical relations of 
apochlorotic nanoplankton with other components of the microbial plankton. Apparent relations 
between different plankton types were found over geographic separation as well as seasonal and diel 
cycles. Population densities of apochlorotic, heterotrophic nanoplankton (Hnano) and chloroplast- 
containing, phototrophic nanoplankton (Pnano) were similar, ranging from 104 cells ml-' in estuarine 
environments to 10' cells ml-l at oceanic stations. All microbial populations in the euphotic zone 
showed exponential decreases in concentration with increasing bottom depth. Vertical profiles showed 
decreasing abundance of all microbial populations with depth. Studies in Narragansett Bay, Rhode 
Island, indicated that Hnano, Pnano and total picoplankton (Tpico) followed trends similar to each 
other over winter/spring and summer blooms. Hnano were positively correlated with Tpico populations 
one week earlier, suggesting a predator/prey relationship. Die1 studies at oceanic stations and in 
mesocosms in Narrangansett Bay revealed positive correlations between Tpico and Hnano populations 
which may represent small interval temporal changes. These data suggest a n  abundant and dynamic 
Hnano population in the marine plankton which reflects changes observed in other components of the 
microbial plankton. 
INTRODUCTION 
Picoplankton and nanoplankton have recently been 
defined as size classes of planktonic organisms 
between 0.2 and 2.0 pm, and 2 and 20 pm, respectively; 
both include photosynthetic and non-photosynthetic 
organisms (Sieburth et al., 1978). Although some cell 
types overlap between the 2 groups, picoplankton are 
primarily composed of prokaryotes, which include 
organotrophs, chemotrophs and phototrophs, and 
nanoplankton are predominated by eukaryotic protists. 
Study of size classes within the plankton by a variety of 
analytical and observational techniques has led to a 
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realization of the importance of nanoplankton in the 
microbial food web. The smaller nanoplankton (less 
than 10 pm; principally microflagellates) are fre- 
quently found to dominate phytoplankton assemblages 
both numerically and by biomass (Ballantine, 1953; 
Beers et al., 1975, 1980, 1982; Booth et al., 1982; Han- 
nah and Boney, 1983; Li et al., 1983). Similarly, this 
size fraction of the phytoplankton often accounts for 
most of the primary productivity (Malone, 1971; Van 
Valkenburg and Flemer, 1974; McCarthy et  al. 1974; 
Durbin et al., 1975; Throndsen, 1978; Hannah and 
Boney, 1983; Li et  al., 1983; Platt et al., 1983). Growth 
rates of phototrophic nanoplankton tend to exceed 
those of the large photosynthetic net plankton (Garri- 
son, 1976), and the activity of these nanoplankters 
increases in dominance with distance from shore 
(Mommaerts, 1973). 
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Apochlorotic nanoplankton members have received 
far less attention, and often nanoplankton has been 
assumed to be synonymous with or almost totally com- 
posed of photosynthetic organisms (Ballantine, 1953; 
Beers et al., 1975; Hannah and Boney, 1983). Sorokin 
(1977, 1979) presented data on apochlorotic flagellates 
from marine waters which showed high copcentrations 
of these organisms and a biomass exceeding that of 
microzooplankton and bacteria. These data may be 
criticized since the differentiation between zooflagel- 
lates and phytoflagellates was accomplished at low 
magnification by visually observing the presence or 
absence of photosynthetic pigments. Linley et al. 
(1983) also enumerated relatively high densities of 
heterotrophic microflagellates for marine waters 
although the population and biomass estimates were 
lower than those of Sorokin. Linley et al. (1983) simi- 
larly differentiated between heterotrophic flagellates 
and phototrophic flagellates on the basis of conven- 
tional light rnicroscopy, using settling chambers and 
inverted rnicroscopy which may severely underesti- 
mate the abundance of the smaller flagellates (Davis 
and Sieburth, 1982). Beers et al. (1980, 1982) also 
enumerated large populations of microflagellates but 
did not distinguish between phototrophs and hetero- 
trophs, although they estimated that 19 to 70 % might 
be heterotrophs. Recent studies of apochlorotic, hetero- 
trophic nanoplankton (Hnano) in marine waters, using 
epifluorescence rnicroscopy to determine the presence 
or absence of chloroplasts (Davis et al., 1978; Davis and 
Sieburth, 1982; Fenchel, 1982c; Caron 1983; Sherr and 
Sherr, 1983), have confirmed the presence of large 
populations of apochlorotic nanoplankters, primarily 
composed of zooflagellates, and have yielded more 
precise estimates of their abundance. 
The ecological role that these heterotrophic micro- 
flagellates play is not well established; it may be 
phagotrophic, osmotrophic, or mixotrophic. The bac- 
terivorous nature of choanoflagellates (Laval, 1971; 
Leadbeater and Morton, 1975), bicoecids and bodonids 
(Kudo, 1966) is well known, and recent studies with 
isolates of estuarine apochlorotic microflagellates iso- 
lates showed obligate phagotrophy and no significant 
uptake of a variety of organic substrates (Haas and 
Webb, 1979). Linley et al. (1983) used their counts of 
the microbial plankton and productivity values from 
the literature to estimate that 66 % of bacterial produc- 
tion in the plankton is consumed by heterotrophic 
flagellates, with the remainder being consumed by the 
microplankton or metazoans. 
Alternatively, Beers et al. (1980) suggested that zoo- 
flagellates may act primarily as osmotrophs. Although 
flagellates have been grown axenically on rich organic 
media (Gold et al., 1970), the obvious bacterivory sug- 
gests that phagotrophy is the dominant trophic role. 
Kopylov et al. (1980) estimated in laboratory studies of 
Parabodo attenuatus, that about 30 % of its energy 
requirements were met by osmotrophy and the rest by 
phagotrophy, although these data may also be ques- 
tioned since the experimental design assumed that 
flagellate predation on bacterial populations in batch 
culture did not affect bacterial growth rate or uptake of 
dissolved organics. 
In order to recognize trophic diversity in the bacteria 
and microflagellates of the marine plankton, we have 
previously used the simple approach of counting the 
microbial plankton in the picoplankton and nano- 
plankton size classes to estimate prokaryotes and 
eukaryotes, and have further classified the populations 
into phototrophs and heterotrophs based upon the pre- 
sence or absence of autofluorescing chloroplasts or 
thykalloids. Even though most cells in the nanoplank- 
ton are typically microflagellates with flagella fre- 
quently visible by epifluorescence microscopy, we 
have taken a conservative approach and designated 
the enumerated populations as phototrophic nano- 
plankton (Pnano) and heterotrophic nanoplankton 
(Hnano) following the convention of earlier publica- 
tions (Burney et al., 1981, 1982; Davis and Sieburth, 
1982; Sieburth and Davis. 1982). For the picoplankton. 
we have previously taken a similar approach and 
designated the phototrophic cyanobacteria as Ppico 
and the total picoplankton counts as Hpico, since we 
believed the latter to be overwhelmingly predomi- 
nated by heterotrophic bacteria. However, it is becom- 
ing apparent that the picoplankton may include sig- 
nificant populations of phototrophic eukaryotes (Krem- 
pin and Sullivan, 1981; Johnson and Sieburth, 1982) 
and chemotrophic bacteria (Johnson et al., 1983; 
Sieburth, 1983). Therefore, the total picoplankton are 
now designated as Tpico and the Hpico term is dis- 
carded in recognition of the possible diversity of 
trophic types in the enumerated population. 
This paper summarizes the data on nanoplankton 
and picoplankton populations enumerated by epi- 
fluorescence rnicroscopy from sampling stations on 8 
research cruises in the North Atlantic and in seasonal 
studies of Narragansett Bay, Rhode Island, USA. The 
relative abundance of Hnano and the apparent rela- 
tions with other components of the plankton suggest 
that heterotrophic nanoplankton are an active and 
important part of the microbial plankton. 
MATERIALS AND METHODS 
Samples were taken from multiple depths at 32 sta- 
tions in North Atlantic waters on 5 cruises from 1977 to 
1981 (Fig. 1). These cruises included transects from 
Rhode Island to the Lesser Antilles of the Caribbean 
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Fig. 1. Geographic location of cruise stations. EN9, EN20, 
EN28, and EN33 signify RIV 'Endeavor' cruises 009 (Jun 
1977), 020 (Apr, 1978). 028 (Sep 1978), and 033 (Feb-Mar 
1979), respectively. 'A': R/V 'Atlantis 11' cruise 109:3 (August 
1981). Station numbers for each cruise appear after cruise 
designation 
(R/V 'Endeavor' cruise 020, Apr 1978), Iceland to 
Rhode Island (WV 'Endeavor' cruise 028, Sep 1978), 
the Canary Islands to Florida (RN 'Atlantis 11' cruise 
109:3, Aug 1981), and 3 shorter transects along the 
eastern seaboard of the United States (WV 'Endeavor' 
cruise 009, Jun 1977), as well as several additional 
stations near the Cayman Islands in the Caribbean (R/ 
V 'Endeavor' cruise 033, Feb 1979). A total of 279 
samples were taken on these research cruises from the 
euphotic zone, the surface microlayer, and during diel 
studies (6 locations). All subsurface cruise samples 
were taken with acid-rinsed (0.1 N HC1) Niskin bottles. 
Neuston samples were taken only on R/V 'Endeavor' 
cruise 009 (EN-009) using both a screen sampler 
(Sieburth et al., 1976) and a glass plate sampler (Har- 
vey and Burzell, 1972; Carlson, 1982), both pre-rinsed 
in 95 % ethanol. Neuston samples were taken from an 
inflatable rubber boat (Zodiac) as it drifted into undis- 
turbed water. On cruises EN-009 and EN-033, a 
Lambda Instruments (Lincoln, Nebraska) quantum 
sensor was used to establish the depth of the euphotic 
zone, judged as the 0.1 % light level. Secchi disc 
readings were used on cruises EN-020 and EN-028. On 
all other cruises the depth of the euphotic zone at 
oligotrophic oceanic stations was judged to be at  least 
100 m. 
In addition to these samples, pico- and nanoplankton 
were enumerated from vertical profile samples 
obtained in the Western Sargasso Sea (3 stations 
between 29 and 34" N), the Gulf Stream (3 stations 
between 30 and 34" N) and in slope water of the North 
Atlantic (1 station at 38'40' N, 71°56' W) on R/V 
'Oceanus' cruise 115 (Feb 1981), R/V 'Knorr Cruise' 94 
(May 1982) and R/V 'Columbus Iselin' cruise 83-01 
(Feb 1983). 
Diel studies of 24 to 48 h duration were performed on 
R/V 'Endeavor' cruise 009 and 033 using parachute or 
window-shade drogued buoys, respectively, to main- 
tain position within the same water mass. Sequential 
diel samples on EN-009 (Burney et al., 1981) were 
taken at an isotherm with depths determined by 
expendable bathythemographs (XBT) at  the time of 
sampling. Sampling on EN-033 (Burney et al., 1982) 
was conducted at a fixed depth (70 m) in the mixed 
layer. Diel samples were taken at  4 h and 3 h intervals 
for EN-009 and EN-033, respectively. 
Diel studies for Narragansett Bay were conducted in 
mesocosms of the Marine Ecosystems Research 
Laboratory (MERL) at the University of Rhode Island 
during July and November of 1979, and March of 1981. 
Samples were taken at intervals between 2 and 6 h 
over 24 to 72 h. These mesocosms are 1.8 m in diameter 
and 5.5 m high, and frequent seawater additions and 
mixing simulate estuarine conditions (Vargo et al., 
1982). 
Narragansett Bay, Rhode Island, was sampled at  
intervals of 7 to 14 d during 1978 (32 d of sampling) 
and 1981 (23 d of sampling) to assess seasonal abun- 
dances and variability of plankton populations. During 
1978 and 1981 samples were collected off the dock of 
the Graduate School of Oceanography, and, in 1978, 
concurrent samples were taken from MERL meso- 
cosms. During 1978, samples were siphoned through 
pre-rinsed tubing into clean collection bottles, and in 
1981 samples were collected in an autoclaved bottle 
opened under water with a Wheaton extension sam- 
pler (Millville, NJ). All samples were preserved 
immediately with 0.5 % (v/v, final conc.) formaldehyde 
or glutaraldehyde (or both) and refrigerated in dark- 
ness until used. 
Epifluorescence microscopy was used to enumerate 
nanoplankton and picoplankton populations in all 
samples. Hnano and Pnano were counted as  described 
in Davis and Sieburth (1982) under dark room condi- 
tions after allowing sufficient time for the acclimation 
of the operator's eyes. This technique compares favor- 
ably with several others for the enumeration of Hnano 
(Davis and Sieburth, 1982; Caron, 1983). Bacteria 
(Tpico) were counted in all samples taken prior to 1980 
by the method of Hobbie et al. (1977) using the fluoro- 
chrome acridine orange, but all subsequent samples 
were counted using 4',6-diamidino-2-phenyl-indole 
(DAPI; 1.0 pg ml-l), similar to the method of Porter and 
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Feig (1980). Ppico were enumerated by autofluores- 
cence as described in Johnson and Sieburth (1979). 
Counts for nearly all plankton populations were per- 
formed on an Olympus Vanox epifluorescence rnicro- 
scope using Olympus silicone oil immersion objec- 
tives: 40 X for nanoplankton and l00 X for picoplank- 
ton. Ppico, Hnano and Pnano on W 'Atlantis 11', R/V 
'Oceanus', R/V 'Knon' and R/V 'Columbus Iselin' 
cruises were enumerated using a Zeiss standard epi- 
fluorescence microscope. Vertical profile samples for 
both picoplankton and nanoplankton were counted 
using a l00 X objective. Comparison of counts made 
using the 40 and 100 X objectives for the same oceanic 
samples showed differences of only a few percent and 
consistently below the expected counting error associ- 
ated with the technique. Nanoplankton and Tpico 
were counted in all estuarine and oceanic samples, 
and Ppico were counted in all cruise samples with the 
exception of those from EN-009. For all planktonic 
components, sufficient numbers of cells and fields 
were counted to yield a within sample confidence 
interval of f 12 % or less at a = 0.05 (Cassell, 1965). 
RESULTS AND DISCUSSION 
Average populations of nanoplankton and pico- 
plankton in the euphotic zone at 32 different stations 
showed expected decreases in abundance with 
increasing depth of the water column (Fig. 2A; 
Table 1). This decrease was significantly correlated 
with log bottom depth for all plankton fractions ( a  = 
0.05) and the lines are drawn from linear regression 
analysis. Population densities of Hnano from stations 
with shallow bottom depths (Table 1) averaged 60 % of 
the density of Pnano over 3 stations and 2 seasonal 
cycles in Narragansett Bay (1978, 1981). In general, 
there was surprising parity in average population 
abundance between the Pnano and Hnano in the 
euphotic zone within the ranges of bottom depths 
given in Table 1, although the population densities 
varied considerably. Population densities decreased to 
approximately 700 cells ml-l where bottom depths 
exceeded 200m. Average Tpico decreased from 
2 X 106 ml-' in estuarine areas to 4 X 105 ml-l in 
oligotrophic regions. Average Ppico populations 
WATER COLUMN 
T p i c o  ( A  
NEUSTON 
T p i c o  ( A )  
Flg. 2A, B. Distribution of 
plankton fractions with depth 
of the water column for eupho- 
tic zone and neuston samples. 
Averages of samples within 
euphotic zone; neuston sam- 
ples are averages of screen 
and glass plate samples 
2- 
l 0  10 100 1000 10,000 
E P T H  ( m )  BOTTOM 
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Table 1. Average nanoplankton and picoplankton popula- 
tions for euphotic zone and surface microlayer samples within 
range of bottom depths 
Range of bottom depth (m) 
0-20 20-200 200-2000 2000-6000 
Estua- Cont. Cont Deep 
rine shelf Slope ocean 
Subsurface 
Nanoplankton 
( X  103 ml-l) 
Hnano 7.2 3.1 0.71 0.66 
Pnano 12.0 2.9 0.71 0.77 - ~ 
Picoplankton 
( X  105 ml-') 
Tpico 23.0 13.0 8.0 3.9 
ppico nd nd  0.03 0.005 
Surface Microlayer 
Nanoplankton 
( X 103 ml-l) 
Hnano 90.0 5.8 1.5 1.6 
Pnano 70.0 5.7 0.83 1.2 
Picoplankton 
( X  105 ml-') 
Tpico 31.0 25.0 11.0 3.6 
decreased sharply from 3 X 104 ml-' to 5 X 103 ml-' 
over a narrower range of samples (bottom depths from 
290 to 6,000 m). However, in coastal waters Ppico 
abundance may vary greatly (4 orders of magnitude) 
with season (Krempin and Sullivan, 1981) and any 
relation between Tpico and bottom depth would be 
highly dependent upon the time of sampling. 
Neuston samples were taken only for EN-009 sta- 
tions but a similar relation was found between popula- 
tion density and bottom depth. Populations of both 
nanoplankton and picoplankton were generally ele- 
vated relative to subsurface samples (Table 1; Fig. 2B), 
especially in nearshore stations of shallow bottom 
depth. For this analysis, no distinction was made 
between population counts from glass plate or screen 
samples, although the former method apparently sam- 
ples a thinner portion of the surface microlayer (Carl- 
son, 1982) and values averaged 3-fold higher by this 
method. Since both methods dilute the surface mi- 
crolayer with subsurface water, these values may sub- 
stantially underestimate neuston populations 
(Sieburth, 1976; Sieburth et al., 1976). Hnano concen- 
trations were usually somewhat higher than those for 
Pnano, supporting the concept of the surface rni- 
crolayer as an enriched heterotrophic microenviron- 
ment. Sieburth et al. (1976) have previously reported 
elevated DOC and carbohydrate concentrations, as 
well as bacterial and amoebae populations, in the 
surface microlayer. 
The decrease in population densities with increasing 
depth of the water column is an expected result since, 
at least on a large scale, bottom depth is inversely 
related to phytoplankton abundance and primary pro- 
ductivity of the overlying waters (Malone, 1971; Beers 
et al., 1975, 1980). For picoplankton and nanoplankton 
populations counted in the present study, these 
decreases averaged about one order of magnitude in 
samples from nearshore to the oligotrophic oceans. 
Decreases in biomass for the picoplankton fractions 
would be somewhat higher. Unpublished data indicate 
that average bacterial volume is smaller in oceanic 
populations (0.04 pm3) than in estuarine populations 
(0.09 pm3). Seventy % of all nanoplankton cells on 
average were about 2 to 3 pm diameter for oceanic 
stations (nearly 100 % < 8 pm diameter, 'Atlantis 11' 
cruise) compared to 50 % at 2 to 3 diameter for 
Narragansett Bay (1981), but the variability was great 
and this difference is not significant (a = 0.05). The 
flagellates appear to be dominated by naked monads 
including Bodo- and Monas-like flagellates (Davis and 
Sieburth, 1983). 
The different plankton populations (combining both 
surface microlayer and subsurface values) were 
linearly proportional to each other (Fig. 3A-D) over the 
32 stations (a  = 0.001). Tpico vs. Ppico, and Hnano vs. 
Ppico were not significantly correlated even though all 
populations decreased with increasing bottom depth, 
but as stated earlier the reduced data set for Ppico 
combined with a high variability makes these com- 
parisons weak. These data indicate the general propor- 
tionality in the plankton populations sampled from 
various locations. Linley et al. (1983) showed similar 
correlations between heterotrophic flagellates and 
bacterial biomass for North Atlantic waters. It should 
be noted that Hnano and Pnano are not independent 
measures, thus increasing the chance of a spurious 
correlation. However, the emphasis in this analysis is 
merely the illustration of general trends in proportion- 
ality and population abundance, and not to derive 
predictive regression equations. 
We previously reported (Davis and Sieburth, 1982) 
that the ratio of Tpico (then termed Hpico) to Hnano 
depended upon the region of sampling: the ratio 
tended to exceed 103 for the more oligotrophic areas 
and decrease for nearshore stations. This ratio is 
linearly related to log depth of the water column for a 
reduced data set of averaged values from samples of 
Narragansett Bay and stations taken during cruises 
EN-009 and EN-033 (Fig. 4). It was originally 
hypothesized that this change in the ratio could reflect 
a decrease in the nutritional value of oceanic bacteria 
for predatory flagellates (Hnano), as well as a decrease 
in bacterial productivity. Such differences would tend 
to result in proportionately lower populations of bac- 
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Fig. 3A-D. Proportional relations be- 
tween plankton populations. A: Tpico vs. 
Hnano; B:  Pnano vs. Hnano; C: Pnano vs. 
Tpico; D: Ppico vs. Pnano. Lines drawn 
I I I I L '  I. J by linear regression analysis 
1 0 3  1 0 4  10' ! 0 3  I o4 10'  
P n a n o  [ n o  m l - ' l  
T p ico  
Hnano  
BOTTOM D E P T H  ( m )  
Fig. 4 .  Llnear relations of ratio between bacteria (Tpico) to 
heterotrophic nanoplankton (Hnano) and log depth of water 
column for averaged neuston (open circles) and water column 
(closed circles) samples. R: correlation coefficient; a: level of 
significance 
terivorous flagellates in the ocean than in nearshore 
waters assuming similar types of flagellates in the two 
regions. However, this relation is apparently more 
complex than initially thought, since no significant 
relation exists when data are pooled over all stations. 
Ratios of Tpico to Hnano for the oceanic stations on 
Cruises EN-020, EN-028 and A109:3 were similar to 
those of nearshore samples. 
Vertical distributions of pico- and nanoplankton 
populations are given in Fig. 5 for 3 oceanic environ- 
ments. The Gulf Stream and Sargasso Sea profiles are 
averages of 3 profiles taken on different cruises. As 
expected, Pnano and Ppico abundance decreased more 
rapidly with increasing depth than Hnano and Tpico. 
In particular, Ppico populations decreased approxi- 
mately 3 orders of magnitude from the surface to 
500 m. This decrease exceeded that of the Pnano, pos- 
sibly due to differences in predation pressure or suita- 
bility of the physical environment. The parity between 
Pnano and Hnano noted previously (Fig. 3B; Table 1)  
is apparent throughout the euphotic zone in all 3 envi- 
ronments. Below the euphotic zone, however, hetero- 
trophs dominate the nanoplankton. 
Seasonal observations of Hnano, Pnano and Tpico in 
Narragansett Bay indicated generally similar patterns 
for these populations. Data for 1978 (Fig. 6 and ?A, C) 
show seasonal increases in all plankton components 
during February (winter/spring bloom) and the sum- 
mer months. The winter-spring bloom has long been a 
recognized event for Narragansett Bay (Pratt, 1959, 
1965; Smayda, 1973; Durbin et al., 1975) although 
phytoplankton are dominated at this time by chain- 
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Fig. 5. Vertical distribution of pico- and nanoplankton populations in 3 oceanic environments. Data from 3 stations each were 
averaged to obtain the Gulf Stream and Sargasso Sea profiles. Slope water represents a single profile 
forming centric diatoms. The summer increases in phy- 
toplankton are typically associated with the nano- 
plankton (Durbin et al., 1975). Sharp decreases in 
nanoplankton populations, and to a lesser extent the 
bacteria (Tpico), occurred in August and lower popula- 
tions characterized the remainder of the year with 
some indication of a mid-fall bloom, especially evident 
in the heterotrophic populations. Similar trends were 
observed by Durbin et al. (1975) in studies on Nar- 
ragansett Bay. These same general patterns were also 
observed for all parameters during 1981. However, 
populations were lower on average in 1981 than in 
1978 for Hnano (1.9 X 103 rnl-' vs. 8.5 X 103 ml-') and 
Tpico (1.95 X 106 ml-' vs. 2.48 X 106 ml-' 1 - 
Despite similarities in seasonal trends between 
Tpico and Hnano, there was no significant direct corre- 
lation between these populations in either Narragan- 
sett Bay or the MERL mesocosms. However, in the 
MERL mesocosms, Hnano population levels reflected 
Tpico populations observed 5 to 8 d earlier since Tpico 
concentration was positively correlated with Hnano 
populations in the following week's sample (Fig. 7B, 
D). Successive samples spaced 8 d or greater apart 
were not use in this analysis. Thls relationship sug- 
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Hnono W -- .non0 
Fig. 6. Seasonal changes of nanoplankton and bacteria popu- 
lation~ in Narragansett Bay, RI, during 1978 
gests a trophic linkage between the 2 populations 
since major increases in a prey population might be 
expected to precede increases in a predator popula- 
tion. 
Three diel studies conducted at oceanic stations on 
cruises EN-009 and EN-033, and 3 studies in the MERL 
mesocosms revealed a significant direct correlation 
between Hnano and Tpico (Fig. 8). In addition, in a 
L. Hnano 
Pnano 
diel study conducted at Station 4 (EN-009), Hnano was 
positively (a  = 0.001) related to both Tpico and ATP 
(greater than 1 km size fraction) by multiple linear 
regression (unpubl. own data). While such relations 
were not apparent in all diel studies, a significant 
positive correlation between Tpico and Hnano existed 
for 4 of 9 oceanic diel studies, and 3 of 12 MERL 
studies. This is a frequent enough occurrence to sug- 
gest that some linkage between these populations may 
exist, and that these correlations are not the result of 
pure chance (Pearson Chi square analysis, a = 0.005). 
There are many possible reasons for a lack of correla- 
tion in some of the studies, including predation of 
Hnano upon populations of microorganisms other than 
Tpico (e.g. Ppico, Pnano). 
The interpretation of the results of the oceanic diel 
studies is not entirely clear. As discussed in Burney et 
al. (1981), diel studies on EN-009 may represent the 
sampling of small-scale spatial heterogeneities since 
the positioning of the Niskin bottles on an exact 
isotherm was not precise. Similarly, the diel data 
shown from EN-033 may represent spatial 
heterogeneity since, for Station 4s, Hnano was corre- 
lated with temperature change, even though sampling 
was conducted in the mixed layer and sigma-t varia- 
tion was less than 0.3 % (Burney et al., 1982). 
Nevertheless, even if the 'diel' fluctuations in Hnano 
and Tpico populations really reflect small-scale spatial 
Fig. 7 A, C: Seasonal changes 
of nanoplankton and bacteria 
populations in mesocosms (A: 
Tank 1; C: Tank 5 )  of the 
Marine Ecosystems Research 
Laboratory (MERL). Narragan- 
sett, RI. Fig. ?B, D: Direct 
linear relations between bac- 
teria (Tpico) and heterotrophic 
nanoplankton (Hnano) in the 
next sample ( l  wk later), B. 
Tank 1; D :  Tank 5 
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Fig. 8. Bacteria (Tpico) and heterotrophic nanoplankton (Hnano) population changes in die1 studies from MERL mesocosms 
(A-C), and oceanic drift stations (D-F). a: level of significance 
variation, this evidence by itself suggests some linkage 
between the 2 populations. In the MERL diel studies 
the water masses sampled were contained, and all 
sampling was preceded by 15 min of mechanical mix- 
ing which has been previously demonstrated to pro- 
vide a well mixed mesocosm (Vargo et al., 1982), 
although some small-scale heterogeneities might still 
exist associated with suspended particles. 
A direct correlation between Hnano and Tpico over 
time does not indicate whether Hnano is an osmo- 
trophic or phagotrophic population since a positive 
correlation could result from either case. If Hnano 
utilize Tpico as prey, then the data suggest that Hnano 
rapidly alters its growth rate with changing bacterial 
production. Assuming all changes in Hnano concentra- 
tions were due to temporal and not spatial differences, 
the most rapid increases observed for Hnano over a 
sampling interval would be equal to a doubling time of 
2.5 h, which is close to maximal rates observed for 
zooflagellates in the laboratory (Davis, 1982; Fenchel 
1982b; Sherr et al., 1983). Decreases in Hnano with 
decreases in bacterial concentrations would likely be a 
result of continued predation pressure on the Hnano 
from microzooplankton or other predators. In other diel 
studies from EN-009 and EN-033 where a direct rela- 
tion between Tpico and Hnano was not apparent. Bur- 
ney et al. (1981, 1982) reported direct relations of 
Hnano with carbohydrate change over diel periods, 
which suggest the release of organics by Hnano as a 
result of predation since Tpico was inversely corre- 
lated with the diel carbohydrate change. Such observ- 
able relations over die1 cycles, however, seemingly 
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contradict the results of the seasonal study in which 
bacterial populations were significantly related to 
Hnano populations one week later (Fig. 6 and 7B, D). 
One possible explanation for this difference might 
result from the larger scale of the bacterial changes 
occurring over 1 wk periods, including increases of 
500 %. Adjustment of Hnano population levels to large 
scale changes in bacterial populations may require 
more time even while short interval changes remain 
positively correlated. Fenchel (1982b) noted that 
heterotrophic flagellate populations showed a peak in 
abundance about 4 d after a bacterial peak. Mathemat- 
ical modelling of predator-prey systems has shown that 
the enrichment of a prey population may induce stable 
limit cycles from populations previously at a stable 
equilibrium point (Gilpin, 1972; May, 1974). 
Evidence for Hnano phagotrophy of Tpico is indi- 
cated from other sources. Bacterivorous flagellates 
have been cultured and rates of predation upon bac- 
teria have been estimated (Kopylov et al., 1980; Davis, 
1982; Fenchel, 1982a; Sherr et al., 1983; Davis and 
Sieburth, unpubl.). In addition, heterotrophic flagel- 
lates of similar morphologies to known bacterivores 
have been shown to account for 40  to 100 % of Hnano 
from Narragansett Bay and the Sargasso Sea (Davis, 
1982; Davis and Sieburth, 1983). 
It is important not to over-interpret the significance 
and meaning of in situ relations observed in popula- 
tion counts. Measurements and 'experiments' con- 
ducted by direct sampling of the environment and the 
estimation of plankton populations are not controlled 
in the sense of a well designed laboratory experiment, 
and any relations observed between different plankton 
fractions may be the result of many possible causes. 
Rarely does environmental data provide absolute evi- 
dence for a hypothesized mechanism or theory. Simi- 
larly, the absence of observable relations in the envi- 
ronment does not indicate the absense of hypothesized 
underlying mechanisms. However, if identifiable and 
repeatable relations between plankton populations are 
observed, such data indicate either direct interaction 
between the plankton groups or the effect of an exter- 
nal controlling factor. Questions of the exact mechan- 
isms controlling these relations are most easily 
approached by laboratory experiments and observa- 
tions, but observable in si tu relations provide field data 
which help to verify predictions made from the labora- 
tory. In this context, the relations observed in this study 
may be factored into several possible explanations of 
the interactions between the components of the micro- 
bial plankton. However, given the knowledge that the 
Hnano are primarily composed of colorless flagellates, 
and knowledge of the bacterivorous nature of these 
flagellates as established through laboratory 
experimentation, it seems likely that much of the 
observed relations between Tpico and Hnano are the 
result of some interaction of prey and predator. By 
itself, the die1 and seasonal data show a rapidly chang- 
ing and dynamic Hnano population, and the geo- 
graphic and vertical profile data show that the Hnano 
follow the expected trends of other plankton popula- 
tions. This evidence added to the knowledge gained 
by several other studies on the heterotrophic flagel- 
lates by many authors suggest an active and important 
phagotrophic microflagellate population responsible, 
in part, for the transfer of bacterial biomass to higher 
levels in the food web. 
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